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30
When performing a behaviorally relevant task, such as seeking a refuge or a feeding spot, 31 animals rely on various environmental cues to memorize and recall specific locations (Cheng, also be associated with a combination of these cues, e.g., with the animal's location in a plus-40 shaped maze and a salient visual stimulus. When the visual cue is relocated, the cue-guided 41 strategy becomes incompatible with a location-guided strategy, and the fish may choose one 42 of the two strategies. Surprisingly, some fish choose a strategy of following the visual cue, 43 while others use a strategy of seeking the location (López et al., 2000) . entries into the respective arm divided by the total amount of arm entries. We did not 88 calculate EF measure for the center of the maze, because it was equal to the sum of all arm 89 entries and did not reflect avoidance/preference of maze arms. Using the OC measure, we 90 checked if fish had any intrinsic preference for the visual patterns used in the experiments.
91
We ran control experiments, in which the fish were allowed to swim in the maze for two 92 hours without electrical stimulation. The fish did not show a preference for any of the visual 93 patterns ( Figure 1D ).
94
For each measure (EF or OC) we created an associated score to evaluate the difference in 
107
Electric stimulation caused swim bouts of increased amplitude compared to the amplitude of pseudo-random walk fashion in a 1-dimensional arm in discrete bouts of size S, with a certain 132 probability of moving into a different arm. The effect of electric shocks on the speed of the 133 fish was simulated by multiplying the bout size in the conditioned arm by a factor α ≥ 1.
134
Learning was excluded from the design of this basic model. We generated fish trajectories for 135 different values of α and found that the OC score of the conditioned arm, but not its EF score,
136
was dramatically decreased during the conditioning session ( Figure 1G , top). This result 137 highlights the effect of increased speed on arm occupancy that is independent of learning. We 138 then added a learning rule to the model by decreasing the probability of entry into the 139 conditioned arm, and observed a decrease in both the OC and EF scores of the conditioned 140 arm in conditioning and test sessions ( Figure 1G , bottom). We concluded that the decrease in 141 the occupancy of the conditioned arm while the fish is shocked is not sufficient for inferring 142 learning, as it can be explained by learning-unrelated reasons, and decided not to use the OC 143 score during conditioning.
145
Spatial learning abilities emerge at juvenile stages 146 We used the established paradigm to identify the earliest developmental stage at which 147 zebrafish can be conditioned. We chose three age groups: 1-, 2-, and 3-week-old fish; and 148 performed experiments that consisted of two sessions: habituation and conditioning ( Figure   149 2A). We found that fish had an EF score significantly lower than zero at the end of 150 conditioning only once they reached 3-weeks of age ( Figure 2B ). The OC score was 151 significantly decreased in all age groups at the end of conditioning; however, this 
156
age groups. Note that the EF score becomes significantly lower than zero only in 3-week-old fish. Top: moving 9 result was predicted by our computational model and could be unrelated to the learning 167 ability of the animals ( Figure 2C ). The size of the fish was more variable at later stages of 168 development, suggesting that fish of the same age could be at different developmental stages 169 ( Figure 2D ).
170
Based on this comparison of different age groups we selected 3-week-old fish for further 171 experiments.
173
Memory of visually cued place persists for at least ten minutes 174 We tested the duration of the aversive memory formed at the end of conditioning in the third
175
(test) session to the protocol, during which electric shocks were switched off ( Figure 3A ).
176
Analysis of the OC score revealed that fish had formed a memory of the aversive arm: the We observed a strong variability in individual responses to electric shocks (see the spread of 233 bout amplitudes in Figure 1E , red histogram) and investigated the potential causes behind it.
234
It has previously been reported that fish respond to electric shocks more strongly when 235 oriented parallel to the electric field (Tabor et al., 2014) . We confirmed that the probability of 236 response is higher when the fish is aligned with the electric field ( Figure 4A, B) . Moreover, 237 the strength of the response is significantly higher when the fish is oriented towards the 238 cathode than towards the anode ( Figure 4C ).
239
Next, we plotted all individual responses to electric shocks as speed curves in one graph 240 ( Figure 4D ). We found structure in the amplitudes and onset times of the responses. 
290
Columns correspond to maze arms (from left to right: the conditioned arm, the preferred safe arm, the other safe 
303
We compared the swimming trajectories of individual fish in the last 5 minutes of 304 conditioning and in the first 5 minutes of the test session, and found that they were stable for Next, we tested the hypothesis that the fish learn to prefer a safe pattern. We performed 324 experiments in which two safe patterns were swapped after conditioning ( Figure 6D , E, see 325 schematic). In these experiments, we identified two groups of center-preferring (4 fish) and We next tested the strength of the safety-seeking behavior by creating a conflict between 368 safety and avoidance cues. We rotated the visual patterns after conditioning such that the 369 20 conditioned pattern was moved into the preferred safe arm. In the test session, we found that 370 some fish continued to swim in their preferred arm despite the presence of the conditioned 371 pattern ( Figure 7B , red in the left column; Figure 7C ). Other fish transferred their preference 372 according to the pattern rotation, i.e., these fish started to avoid the previously preferred arm 373 ( Figure 7B , red in the right column; Figure 7C ).
374
Overall, we observed that the fish can use different strategies in a spatial learning task, such conditioning studies in rodents (Fanselow, 1990) . Usually, one electric shock is sufficient for The mechanism behind the gradual loss of conditioned aversion in the test session could be explained by an insensitivity of the fish to electric shocks or by a failure to learn.
498
We hypothesize that these diverse swimming patterns could be a result of associating 499 different external cues with either punishment or safety (Figure 8 ). One-arm visitors could 500 learn to seek one safe arm, using either its location cue or its visual pattern. Two-arm visitors 501 could learn either to avoid the conditioned arm or to seek two safe arms. Mixed strategies are 502 also plausible. When we replaced the conditioned pattern in the test session, most fish 503 nevertheless continued to avoid the conditioned arm (see Figure 6) . Thus, the strategy of 504 using pattern avoidance as a learning cue is not sufficient to explain the avoidance behavior; 
537
In conclusion, we have described a novel behavioral paradigm for studying spatial learning in 
Materials and methods
547
Analysis code is available online at https://bitbucket.org/mpinbaierlab/zebramaze/src/master/. were raised in Danieau's buffer (17 mM NaCl, 2 mM KCl, 0.12 mM MgSO2, 1.8 mM 553 Ca(NO3)2, 1.5 mM HEPES) for the first 5 days of development. At 6 days post fertilization 554 (dpf) the larvae were transferred to 3.5l tanks with fish system water (approx. 30 animals per 555 tank). From 6 dpf to 20 dpf they were fed twice a day with live Rotifers and dry algae powder Fish's orientations in the arm were divided into four categories: "into the arm" for angles The learning rate β used in Figure 1 was equal to 0.03. shock, fish coordinates were extracted for the 35-second interval starting at the shock onset.
799
Every coordinate sequence was then transformed into frame-to-frame speed sequence, 800 calculated from the Euclidean distances between coordinates from adjacent time frames.
801
Every speed curve was smoothed using univariate splines. Speeds whose peak values were Principal-component analysis was performed on the dataset of smoothed bout speed curves in 808 order to identify their important features (Jolliffe, 2002 
838
We used the same clustering method to get two clusters for each permutation, and obtained Authors declare no competing interests. 
